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Abstract
This thesis reports a measurement of the break-up reaction 12C(4He, 12C∗)4He performed
at the Birmingham MC40 cyclotron facility at a beam energy of 40 MeV. An array of four
double-sided silicon-strip detectors was used to detect the ﬁnal-state products of the reaction.
Results from previous measurements of this reaction have shown that various excited states
in 12C can be populated. In the present study the 13.3 MeV and the 22.4 MeV resonances
were, in particular, populated. The latter has been seen for the ﬁrst time. The analysis
for both resonances was performed using the angular correlations technique from which their
spin and parity were determined with values of Jpi=4+ and Jpi=5−, respectively. Monte-Carlo
simulations were performed both before and after the experiment in order to have the optimal
detector-array eﬃciency and normalise the results of the angular correlations analysis. The
results have been compared to predictions of the algebraic cluster model, for which the
Jpi=4+ is thought to be related to a rotational band based on the Hoyle state and the Jpi=5−
resonance is part of the ground-state band. This latter state provides strong evidence for
triangular D3h symmetry corresponding to an equilateral triangle structure, observed here
for the ﬁrst time in a nucleus.
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CHAPTER 1
INTRODUCTION
1.1 The Nucleus
The nucleus is the central component of an atom and is composed of nucleons (Z protons
and N neutrons), in which Z also deﬁnes the atomic number and is equal to the number
of electrons in the neutral atom. The dimensions of nuclei are of the order of femtometres
(10−15 m). Both protons and neutrons are fermions with intrinsic spin, s = 1/2 which follow
the Pauli Exclusion Principle, which means that only two protons or neutrons can occupy
the same quantum state, one nucleon with spin projection +1/2 and the other with −1/2, often
referred to spin up (↑) and spin down (↓) respectively. While neutrons have no electric charge,
protons are positive charged particles with charge e (= 1.6022× 10−19C) which is equal and
opposite to the electron charge [13]. A general expression for a particular nucleus can be
written as AZZN , in which A is the mass number (i.e the total number of nucleons = N + Z)
and Z deﬁnes the speciﬁc element. Nuclei can be classiﬁed in to three diﬀerent series. Those
nuclei which have the same Z number but diﬀerent neutron number N are called isotopes
and share the same chemical properties. Isotones are those which have an identical number
of neutrons N but diﬀerent number of protons Z and isobars are those with the same mass
number A.
1
Neutrons and protons as well as protons and protons and neutrons and neutrons interact
with each other within the nucleus through the attractive nuclear force (though which is
repulsive at very short-range, < 0.5 fm) and protons with protons via the repulsive electro-
magnetic force. This gives rise to binding energy; the energy diﬀerence between a nucleus and
its individual constituents. In general the binding energy of nuclei increases as the atomic
number A increases. This is shown in Fig. 1.1 for light nuclei, expressed in the form of
binding energy per nucleon. It is also important to comment on the presence of peaks, which
appear below A = 30, corresponding to 4He, 8Be, 12C, 16O, 20Ne, 24Mg nuclei. These are
multiples of A = 4, which corresponds to an α-particle (4He nucleus); α-particles are highly
stable due to the complete ﬁlling of the ﬁrst quantum state for both protons and neutrons;
a fact that is remarkably important for nucleon-nucleon correlations.
Figure 1.1: Binding energy per nucleon versus the mass number for the most stable nuclei
for a given A.
2
Diﬀerent conﬁgurations of the components of a nucleus gives rise to characteristic quan-
tum energy levels. Each nucleus has its own energy-level spectrum in which each state is
described by its total angular momentum quantum number (which is associated with the
vector sum of the total angular momenta of all the nucleon components). For those nuclei
with even numbers of neutrons and protons the total spin is zero due to the occupation of
time-reversed orbits by equal numbers of identical nucleons as this results in the maximal
overlap since for heavy nuclei, isotopes with more neutrons have increased stable due to the
Coulomb repulsion from a large number of protons. Nuclei which are in an excited state
decay towards stability which can proceed by diﬀerent processes such as γ- and β-decays,
or by the emission of light particles, such as neutrons, protons or α-particles. An example
of the latter is the Hoyle state, which is the second excited state of 12C lying 7.654 MeV
above the ground state. This resonance decays most of the time through the emission of an
α-particle leaving a residual nucleus of 8Be, but occasionally it decays via γ-emission. This
process of γ-decay is very important for nucleosynthesis and, therefore, for the formation of
heavier elements in stars. This aspect is explained further in the following section.
1.2 Motivation
1.2.1 Nucleosynthesis in Stars; the Triple Alpha-Process
Stars are to ﬁrst order massive spheres of plasma, which act as the cauldrons in our universe,
and are formed by the coalescence of cosmic matter by the force of gravity. Particles start to
get closer and closer and the temperature of the system increases and, therefore, the pressure
increases, giving rise to a wide range of particle energies, characterised by Maxwell-Boltzman
distributions. Charged particle reactions are the ﬁrst to happen, especially those triggered
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by protons and helium nuclei and known as the proton-proton chain. This hydrogen burning
process releases 26 MeV and comprises these reactions:
The proton-proton I branch:
• p + p → p + n + e+ + ν → d + e+ + νe
• d + p → 3He + γ
• 3He + 3He → 4He + 2p
The proton-proton II branch:
• 3He + 4He → 7Be + γ
• 7Be + e− → 7Li + νe
• 7Li + 1H → 24He
The proton-proton III branch:
• 7Be + 1H → 8B + γ
• 8B → 8Be + e+ + νe
• 8Be → 24He
Once the proton-proton chain has consumed the available fuel, the gravitational force
will once again dominate, making the star collapse and raising the temperature until the
point at which 4He nuclei can fuse together, forming 8Be nuclei, which requires 92 keV from
the environment; these processes are present along the red giant stars phase. Öpik pointed
out that high temperatures were possible in stars, particularly in the red giant phase [14].
Beryllium-8 is unstable in its ground state and has a very short lifetime of approximately
10−16 s, decaying back into two α-particles. This produces an equilibrium between the α+α
and 8Be,
4
α + α
 8Be (1.1)
which means that the latter is in an equilibrated concentration which is temperature depen-
dent. In red giants this concentration is enough to permit a third α-particle to be captured
as shown in Fig. 1.2.
Figure 1.2: Triple α-process in which 12C is formed during the nucleosynthesis in stars.
Firstly two α-particles fuse together to form a nucleus of 8Be, subsequently a third α-particle
is captured.
1.2.2 Hoyle State
Sixty one years ago, in 1953, Fred Hoyle pointed out that the rate of these reactions is
not enough to explain the amount of 12C in the universe [15], so he proposed the existence
of a speciﬁc resonance which increased the 8Be + 4He reaction cross section. It was at
Kellogg Laboratory where a group measured the 14N(d,α)12C reaction using a high resolution
spectrometer and found a resonance at 7.68 MeV [16]. W.A. Fowler and colleagues made a
measurement of an exited state (0+ state) in 12C at 7.65 MeV, just above the triple-α threshold
(S3α=7.274 MeV), which subsequently decays into three α-particles [17].
After this resonance is populated during the triple α-process, it decays predominantly into
an α-particle and a 8Be nucleus (with a branching ratio ≈ 100%), but a small amount (0.04%)
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decays through γ-emission, to the ﬁrst excited state in 12C at 4.438 MeV. A competing process
is pair production directly to the ground-state with a branching ratio of Γpi/Γ=6.7(6)×10−6
[18]. When taken together with the destruction of 12C, e.g. through photo-dissociation,
these internal decays account for the abundance of 12C in our universe, as well as heavier
nuclei, formed through further reactions. The abundance in the universe of 16O and 12C is
therefore a delicate balance between reaction rates and quantum states with precisely the
right energy. Although the main decay process undergone by the Hoyle state is through the
α+8Be decay process, there is continued interest in the direct 3α-decay process which has a
recently reported upper limit for the branching ration of ∼5×10−3 [19, 20].
Despite the Hoyle state being discovered over 60 years ago, its precise structure has still
not been determined. It is known to be composed of three α-particles, but the arrangement
remains unclear. Ab initio calculations suggest the Hoyle state has a bent-arm conﬁguration
[21,22], in which the three α-particles are located at the vertices of an open triangle. Whereas
other predictions suggest a Bose-Einstein Condensate [23,24].
This resonance is of great importance, not only because it is the catalyst for creating the
main elements for organic life, but also because it is a key step in the synthesis of the heavier
elements. The present thesis is motivated by the idea to measure and characterise an excited
state in 12C at an energy of 13.3 MeV which had previously been observed by members of
the Charissa collaboration. The earlier results did not provide conclusive measurements of
the spin of this resonance [25, 26], but it is a candidate member of the Hoyle-state band.
By characterising this resonance it will be possible to increase the information about the
nature of the structure of the Hoyle state, and, ergo, how it rotates or vibrates. Recent
measurements show the existence of a 2+ resonance at 9.8 MeV, which could be a collective
rotational or vibrational excitation of the Hoyle state [27,28], as well as the measurement of
a resonance at 13.3 MeV, which has been suggested as the continuation of these collective
excitations [25].
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Nowadays, there are a wide range of models which explain some of the characteristics of
the structure of the 12C nucleus. However, despite their success in explaining some features,
few of them can predict the existence of the Hoyle state at 7.654 MeV and its higher lying
excitations.
The measurement and investigation of the 12C(4He, 12C∗)4He reaction is presented in this
thesis. By making precise measurements of the properties of excited states on 12C, ultimately,
the models may be reﬁned and our understanding increased. The results and interpretation
of such a measurement are presented in the subsequent chapters of this thesis.
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CHAPTER 2
NUCLEAR STRUCTURE AND MODELS
2.1 Nuclear Clustering
It is remarkable that at diﬀerent scales, nature always tends to congregate, probably because
it tends to lead to a more stable state of equilibrium. It is possible to observe this sort of
behaviour in galaxies, stars, solar systems and molecules. Therefore, it is not surprising to
observe the existence of sub units (clusters) in nuclear structure. An easy way to picture
the structure of an average nucleus is by means of its components, the nucleons (neutrons
and protons), distributed within the nucleus in a homogeneous arrangement. However, the
structure of light nuclei, since the beginning of nuclear physics, has been described to a good
approximation through the arrangement of stable clusters.
The idea of clustering in nuclei started when α-decay was discovered; nucleons congregat-
ing in α-particles before the emission. If one examines the behaviour of binding energies for
the very lightest nuclei, those with the same even number of neutrons and protons have the
highest values. Examples of these nuclei are 4He, 8Be, 12C... and such nuclei can be thought
of as multiples of α-particles. In the early days of nuclear physics Hafstad and Teller's [29]
work was crucial, in which they considered geometrical arrangements of α-particles and the
bonds between them. They compared this to the binding energies for A = 4n (n=2, 3, 4,
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...), N = Z nuclei and found a close correspondence. In the 1950s, Morinaga [30] introduced
the idea that the clusters have to be arranged in a linear shape, and also that the cluster
structures should emerge when the internal energy of the nucleus is increased and not in the
ground state as suggested by Hafstad and Teller. In the 1960s, it was understood that the
cluster states emerge close to the decay-threshold energy; an idea that Ikeda [1] demonstrated
in the well-known Ikeda diagram shown in Fig. 2.1. It is possible to observe that the double-α
cluster is localised in the ground state of 8Be with a half life of ≈ 10−16 s, and the triple-α
cluster was expected to appear close to the α-decay threshold at 7.27 MeV in 12C.
Figure 2.1: Ikeda diagram for various possible cluster structures and their threshold energies
in MeV. Alpha particles are shown in red, adapted from Ref. [1].
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Building on these ideas, the models describing nuclear clustering and other aspects of
nuclear structure have been continually evolving. In the following sections, a brief overview
of cluster models is given in chronological order.
2.1.1 The Liquid Drop Model
Modelling the nuclear structural shape and its behaviour over the years has been a challenge.
Presently there is not a single model which fully describes the nucleus perfectly, but there
are many which are very good approximations. One of the most general models describes
the nucleus as an assemblage of neutrons and protons forming a drop-like incompressible
ﬂuid, acting with the same behaviour and same characteristics as a classical liquid drop. In
1935, based on this model, C.F. von Weizsäcker developed the Semi-Empirical Mass Formula
(SEMF) with which it was able to represent the nuclear masses:
M = Zmp +Nmn −B.E. (2.1)
For which the binding energy B.E. of the nucleus is represented by:
B.E. = avA− asA 23 − ac Z
2
A
1
3
− aa (N − Z)
2
A
±∆, (2.2)
for which av, as, ac, aa and ∆ are constants which are obtained by ﬁtting experimental data.
With the SEMF formula, it was possible to ﬁt the known nuclear masses and also estimate
unknown masses. The terms of Equation 2.2 are, from right to left, pairing, symmetry,
Coulomb, surface and volume.
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2.1.2 Nuclear Shell Model
The basis of this model is to describe the nuclear structure in terms of ﬁlling energy levels
in a mean-ﬁeld potential. With the aim of clarifying some nuclear properties, during the
decade of the 40s, the nuclear shell model was developed. Nuclear physicists took inspiration
from atomic theory, based on the electron shells to describe the characteristics of atomic
structure. In the nuclear shell model, instead of ﬁlling the orbits with electrons to increase
the energy, they are ﬁlled with nucleons, for which the Pauli exclusion principle is considered.
A requirement for this model is that the potential under which the nucleons are moving is
created by all of the nucleons, unlike the electrons in an atom, which move under a potential
originating from the Coulomb ﬁeld. Experiments showed evidence of the existence of nuclear
shells, e.g. in Fig. 2.2, in which the 2-proton and 2-neutron separation energies for isotones
are plotted. It is possible to observe jumps at some speciﬁc values, or magic-numbers.
The potential which under the particles move around the nucleus is key for the model,
one of the simplest is the harmonic oscillator, which works well for the reproduction of low-
lying energies and several magic numbers, but as the energies and nucleon numbers increase,
discrepancies start to appear, requiring a modiﬁcation. In 1949, a spin-orbit term in the po-
tential was suggested by Mayer, Haxel, Suess and Jensen [31,32], which reproduces the known
magic numbers. Even though the model reproduces some energy levels, it is not capable of
reproducing the energy of the Hoyle state in 12C as Navrátil et al. showed in reference [4] in
which they calculated the energy levels for 12C using the no-core nuclear shell model with two
diﬀerent potentials, the CD Bonn [33] and the V8 Argonne [34] nucleon-nucleon potentials.
The calculations for the CD Bonn model are shown in Fig. 2.3. Karataglidis was able to
predict the ﬁrst excited state at 4.4 MeV 2+, but failed to predict the Hoyle state [35]. .
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Figure 2.2: Proton-proton (top) and neutron-neutron (bottom) separation energies plotted
against Z (top) and N (bottom). It is possible to observe that the magic numbers (green-circled
numbers) appear where sudden changes are present. Taken from [2] (adapted from Ref. [3]).
2.1.3 Deformed Harmonic Oscillator (DHO)
The spherical harmonic oscillator has been used for a long time, particularly for investigating
light atomic nuclei for wave function calculations, densities and shell structure and is consis-
tent with more complete models. The harmonic oscillator has also been demonstrated to be
useful in the study of nuclear clustering. Due to the high inﬂuence deformation has in the
12
Figure 2.3: Comparison of experimental positive (a) and negative (b)-parity excitation en-
ergies using the CD Bonn potential, taken and adapted from Ref. [4].
determination of the structure of light nuclei, the spherical harmonic oscillator potential is
insuﬃcient [5]. Instead a better approximation is possible. The deformed harmonic oscillator
potential (DHO), can describe how nucleons move in a ﬁeld created by the interaction of a
nucleon with the others in the nucleus [36] with a mean free path larger than the nuclear scale.
Furthermore, the DHO can also take into account the deformation. Solving the deformed
harmonic oscillator it is possible to obtain the energy levels given by
E = ~ω⊥n⊥ + ~wznz +
3
2
~ω0, (2.3)
in which ω⊥ and ωz are the oscillator frequencies, for those oscillations perpendicular and
parallel to the deformation z-axis respectively and ω0 is the parameter required for an un-
deformed nucleus. As the potential becomes deformed, the degeneracy presented at zero
deformation is lost. The quadrupole deformation is given by
ε = ε2 =
(ω⊥ − ωz)
w0
, (2.4)
and if ε > 0 the shape of the nucleus will be a prolate (rugby ball) deformation, on the other
hand, if ε < 0, the deformation will have an oblate (pumpkin) deformation and if ε = 0, the
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shape of the nucleus will be spherical, see Fig. 2.4. At zero deformation, the solutions of the
harmonic oscillator establishes the allowed number of nucleons (neutrons and protons) which
can occupy orbitals; such degeneracies are 2, 6, 12, 20, etc. When the potential is deformed
the energy levels associated with oscillations parallel to the deformation axis are reduced in
energy and for those with oscillations perpendicular, their energy is increased. As is shown in
Fig. 2.4, for deformations of 2:1 and 3:1, multiple shell gaps are generated. The degeneracies
are repeated, twice for the 2:1 and three times for the 3:1, indicating the existence of two and
three clusters, respectively. These extra magic numbers were interpreted as cluster structures
associated with each deformation, for example, 8Be which has four protons and four neutrons,
could be located at a deformation of 2:1 and therefore an α+α structure, or the case of the 12C
nucleus, which could be formed from a linear arrangement of 3-α particles at a deformation
of 3:1.
2.1.4 Alpha-Cluster Model
As discussed in section 2.1, Hafstad and Teller examined the number of bonds between geo-
metrical arrangements of α-particles in α-conjugate nuclei and compared this to predictions
of the Liquid Drop Model [29].
The Liquid-Drop Model [13] of the nucleus gave an adequate description for some nuclear
properties such as the binding energies and the distribution of some resonant features, such
as giant resonances. Furthermore, the shell-model is unable to reproduce the energy of the
Hoyle state. In order to get a full description, or at least a better approximation, of the
clustered nuclear states, new and more realistic models were needed. The Alpha Cluster
Model (ACM) was ﬁrst proposed by H. Margenau [37], in which α-particles were consider as
strongly bound constituents with a proper identity within the nucleus, interacting in a similar
way to that as if they were components in atomic molecules. The model was then developed
14
Figure 2.4: Energy levels of the deformed-harmonic oscillator versus the quadrupole defor-
mation ε2. The circled numbers represent the degeneracies of the energy levels. Taken from
Ref. [5].
in more detail by Brink [6]. The basics of this model is that structures formed by pairs of
protons and neutrons, i.e. α-particles with a total angular momentum is zero, as shown in
see Fig. 2.5. At small distances between the α-particles the structure could disappear, while
for longer distances they retain their bosonic structure. For the latter, it happens above the
3α-decay threshold in the case of 12C. Because the Hoyle state appears above this threshold
it has potentially a 3α-structure. The Brink model has been applied in order to describe
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diﬀerent light clustered systems.
Figure 2.5: Brink's geometrical model of α-particles in light nuclei, from Ref. [6].
2.1.5 The Antisymmetrised Molecular Dynamics (AMD) Model
It is well known that nuclear structure involves shell-model-like states as well as cluster
structures in light nuclei where both compete. Carbon-12 is a nucleus for which examples
of these two types of structure are well known. On one side the shell-model describes and
predicts resonances in light nuclei but on the other side it fails to reproduce some states which
are strongly clustered such as the second excited state in 12C. Antisymmetrised Molecular
Dynamics (AMD) has been used to describe both the cluster and shell-model behaviour of
nuclei. In this model, the single-nucleon wave functions are independent Gaussian wave
packets and the assumption of a preformed cluster is not taken into account, one of many
advantages the AMD model has over other models. The degrees of freedom contained in
the model are as many as the number of nucleons. A nucleon-nucleon interaction is used
to reproduce the energy of the system, which will describe both cluster and shell-model
behaviours, governed by the Pauli Exclusion Principle.
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The AMD predictions for 12C are shown in Fig. 2.6, including the more shell-model-like
states such as the ﬁrst 2+ resonance as well as the Hoyle cluster state [7, 38] (the second 0+
level).
Figure 2.6: Diﬀerent energy levels in 12C calculated with the AMD model (second and subse-
quent columns) compared with experimental data (ﬁrst column), taken from Ref. [7].
The density distributions obtained with the AMD model for 12C are shown in Fig. 2.7 in
which is possible to clearly observe the intrinsic structures of the ﬁrst three Jpi=0+ states as
well the ﬁrst three Jpi=2+ and Jpi=4+ states in 12C.
From the density distributions, the ground-state seems to be compact, with the cluster
symmetry present but with no formation of distinct α-particle structures. On the other hand,
the Hoyle state 0+ possesses a larger volume, with the formation of α-particle components.
Another variant of AMD is Fermionic Molecular Dynamics (FMD) and is brieﬂy described
below.
17
Figure 2.7: Density distributions of the ground state band, 0+1 , 2
+
1 and 4
+
1 , Hoyle-band 0
+
2 , 2
+
2
and 4+2 , and 0
+
3 , 2
+
3 and 6
+
1 band, in the ﬁrst, second and third columns respectively. Adapted
from Ref. [7].
2.1.6 The Fermionic Molecular Dynamics (FMD) Model
The Fermionic Molecular Dynamics model is a similar to the AMD model, but containing
an extra degree of freedom; the width parameter of the Gaussian wave-function which allows
a more complete approximation of shell-model systems as well as those which are weakly
bound [39]. Another advantage of this model is that it reproduces the charge form factor for
elastic and inelastic reactions of electrons with the ﬁrst and second 0+ states. As for AMD,
FMD shows a large volume for the density distribution for the Hoyle state, but instead
of being reproduced by a simple single structure, it is formed by a superposition of 3 α-
particles [8]; a characteristic that matches with that of an α-particle gas as shown in Fig. 2.8.
The calculations using this model predict the Hoyle state lying at 9.5 MeV and the 2+
resonance to be at 11.83 MeV, an energy separation of 2.33 MeV.
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Figure 2.8: The ﬁrst four images from the left are the density distributions calculated by
FMD for the Hoyle state 0+2 and the ﬁfth is represents the ground state 0
+
1 , from Ref. [8].
2.1.7 The Algebraic Cluster Model (ACM)
A study of the dynamical symmetries associated with the structure of 12C were ﬁrst made
by Hafstad and Teller in 1938 [29]. They were able to relate the triple α-structure with a
classical spinning top with a triangular point symmetry, meaning that a triangle spinning
along one of its axes that can also precess at the same time [18]. The rotational energies for
a system such as this are described by
EJ,K =
~2J(J + 1)
2=Be −
~2K2
4=Be , (2.5)
in which J is the quantum number for the total angular momentum, K is the component of
the total angular momentum projection on the axis perpendicular to the plane formed by the
three α-particles, =Be is the moment of inertia of the 8Be i.e for two face-to-face α-particles,
for which the distance between them has been taken as the same as in 12C. If the triangular
structure rotates around an axis lying in the plane of the three components, passing in the
middle of one α-particle and in the middle of the other two, as shown in Fig. 2.9 a, will be
the representation for when Kpi=0 (with a projection equal to zero), giving rise to a series
of resonances 0+, 2+, 4+.... corresponding to a 8Be nucleus rotating (or two α-particles). If
the rotation occurs when the axis is perpendicular to the plane of the triangle, as shown in
Fig. 2.9 b, will give rise to a state with Jpi=3− and the combination of the two diﬀerent
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rotations will give the states Kpi=3−, 4−, 5−; rotations associated with an object with a D3h
point group symmetry. For a detailed description see Refs. [4042] in which the applications
of this theory in the hadron and molecular physics ﬁelds have been reviewed.
Figure 2.9: Two diﬀerent rotations considered by the ACM. a) The triangular structure
rotating around an axis lying in the plane of the three components. b) The axis of rotation is
perpendicular to the plane of the triangular structure.
The Model
As noted above, a possible description of the 12C nucleus has been suggested as an equilateral
triangle, oblate top with dihedral group D3h symmetry within the framework of the Algebraic
Cluster Model. This method, like other Algebraic models and spectrum generating algebras,
are a tool for the study of symmetries and selection rules as well as the calculation of physical
observables. The nucleus is treated as a non-rigid compound cluster structure with a liquid-
like (vibrational) behaviour [42]. This algebra is able to include diﬀerent properties needed
in order to give a complete description of clustering in nuclei; a list of these properties is
given below:
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• Cluster conﬁgurations are soft, making clusters behave more like liquid structures where
the components are situated at speciﬁc locations.
• Vibrational and rotational motion energies are not clearly diﬀerentiated.
• The components occupy space which can be comparable to that of the total structure.
• Permutation symmetry is imposed since the components are identical.
The ACM treats the nucleus components as bosons, and describes how they move with
the help of the spectrum generating algebra U(ν + 1), where ν = 3(n − 1), the number of
degrees of freedom of the n-body system (n is the number of α-particles) which are relative
Jacobi coordinates:
~ρ =
~r1 − ~r2√
2
, (2.6)
and
~λ =
~r1 + ~r2 − 2~r3√
6
, (2.7)
where ~ri (i = 1, 2, 3) are the coordinates of the three clusters. The U(7) algebra is the ap-
propriate one for such a system composed of three elements. In order to construct the U(7)
algebra it is necessary to bring in two vector bosons bρ and bλ and an extra auxiliary scalar
boson s. This was previously put into practice in the description of the three-quark conﬁgu-
rations in baryons as well as in the triatomic H+3 molecule, in which 49 bilinear products of
creation and annihilation operators produce the Lie algebra U(7) [40], which are:
b†ρ,m, b
†
λ,m, s
† ≡ c†α (m = 0,±1) (α = 1, ..., 7± 1), (2.8)
G : Gαβ = c†αcβ (α, β = 1, ..., 7). (2.9)
21
The Jacobi coordinates and the canonically conjugate momenta are represented by the cre-
ation and annihilation operators, while the spectrum generating algebra are represented by
the auxiliary boson.
For a triangular conﬁguration, the rotation-vibration wave functions can be written as:
|N, (v1, vl22 ), K, LP 〉, (2.10)
for which N represents the total number of bosons, v1 and v
l2
2 are a series of rotational bands,
the ﬁrst corresponds to the breathing vibration and the second to the doubly degenerate
bending vibration respectively; l2 represents the vibrational angular momentum of the doubly
degenerate vibration, L is the angular momentum with K its projection on the symmetry
axis and P the parity. The energy eigenvalues for an oblate top are given by:
E = E0 + w1
(
v1 +
1
2
)(
1− v1 + 1/2
N
)
+ w2(v2 + 1)
(
1− v2 + 1
N + 1/2
)
+k1L(L+ 1) + k2(K ∓ 2l2)2 +
[
λ1
(
v1 +
1
2
)
+ λ2(v2 + 1)
]
L(L+ 1), (2.11)
in this formula are included both anharmonicities depending on N and the vibrational de-
pendence of the moments of inertia, for which w1 and w2 are the vibrational energies and k1,
k1, λ1 and λ2 are the coeﬃcients determined by diﬀerent moments of inertia.
For values of K=0, the angular momentum will get values of L=0, 2, 4, etc., and is
represented by the rotation of a triangle plane along a line of symmetry. In the case for
which K>0, L=K, K+1, K+2... So, the states for which K=0 will agree with the ground 0+,
4.4 MeV 2+ and 14.1 MeV 4+ states. For the case in which K=3, the rotation corresponds
to a triangle in which the three α-particles are placed at the vertices, rotating around the
axis situated at the centre, which gives rise to the 9.6 MeV 3− resonance and for a value of
22
K=6 a resonance with Jpi=6+. The predictions of this model are that there should exist a 4−
excitation almost degenerate with the 4+ resonance and this would be a strong conﬁrmation
of the D3h symmetry. The model also predicts that the Hoyle state will correspond to a
vibrational excitation of the ground-state, in which the triangular symmetry will be fully
developed as a three α-cluster structure, giving rise to the same sequence of excitations as
for the ground-state [12,42].
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CHAPTER 3
EXPERIMENTAL METHODS
In the following sections, the experimental facility and some important features of charged
particle spectroscopy, pertinent to the data analysis and results are described. There is
also a description of the equipment that was custom designed and built especially for these
measurements.
3.1 MC40 Cyclotron
The MC40 Cyclotron of the University of Birmingham was used to perform the present
experiment. This machine was manufactured by Scanditronix, and is used primarily for
the production of radio-isotopes (part of the machine is shown in Fig. 3.1). This cyclotron
accelerates particles for diﬀerent experimental purposes, from applications in medical physics
to nuclear physics research. In general, an accelerator needs a source of charged particles
and an accelerating force, namely an electric ﬁeld. The cyclotron belongs to the class of
accelerators in which the accelerating ﬁeld is applied repetitively, i.e. it is pulsed.
In a cyclotron, the particles orbit under a magnetic ﬁeld as they gain energy. In general,
the path of the particles is through two D-shape cavities named Dees, made of a conductive
material, which are connected to a radio frequency supply. The acceleration of the particles
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Figure 3.1: This photo shows parts of the MC40 cyclotron from above. This shapes the
magnetic ﬁeld which corrects for relativistic eﬀects, from Ref. [9].
occurs only if they are in phase with the radio frequency at the time they pass through the
gap between the Dees, i.e. with the ﬁeld in the right direction. The MC40 cyclotron is
divided into four quadrants, which means that the main Dees are divided in two as shown in
Fig. 3.2.
There are two diﬀerent modes in which the cyclotron can be operated. The ﬁrst one is
when the radio frequency performs one cycle for each orbit of the beam and the potential of
the Dees are in anti-phase. The second one, is when the radio frequency performs two cycles
for each orbit, and the potentials are in phase. For non-relativistic particles, the period of a
charged particle is independent of its energy while it is orbiting in a ﬁxed magnetic ﬁeld, B.
The particles of mass, m, and charge, q, will orbit with radius, r, given by:
r =
mv
qB
, (3.1)
where v is the speed [13]. Therefore, the cyclotron frequency, or orbital frequency is:
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Figure 3.2: Scheme of the MC40 cyclotron.
f =
v
2pir
=
qB
2pim
. (3.2)
For this frequency the accelerating voltage keeps in phase with the particles. At a radius, R,
the particles are extracted from the Dees using a deﬂecting electrode (see Fig. 3.3). The
energy at this point is given by:
E =
1
2
mv2 =
q2B2R2
2m
. (3.3)
The frequency range over which this apparatus can be tuned is approximately 14.5 to 26
MHz. Ions of hydrogen and helium can be produced which perform about 500 orbits using
a magnetic ﬁeld of 1.8 T. The ion of interest for the current work, 4He, can be accelerated
to energies of 11-40 MeV and beams can be extracted to twelve diﬀerent lines, one of which
was used for the present measurements [9].
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Figure 3.3: The pipe at the right side of the photograph is used to extract the particles from
the cyclotron once they reach the optimal energy, from Ref. [9].
3.2 Charged-Particle Spectroscopy
3.2.1 Radiation Interaction with Matter
There are many diﬀerent types of radiation in nature: charged and uncharged particles, X-
rays and γ-rays, are some of them. Each radiation has its own way of interacting with matter
and that is why their measurement and study requires an understanding of the processes that
occur during an encounter with the detector medium. For the present study, a special type of
detectors were used to acquire information about the emitted radiation, the size and material
of such detectors were selected based on the nature of the radiation under study.
Since α-particles are the radiation detected in this work, and they lie in the charged-
particles category, a description of their interaction with matter is provided below.
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3.2.2 Alpha-Particles
Alpha-particles are charged particles and, therefore, mainly interact with the medium through
the Coulomb force, ending up with the partial or total transfer of energy from the primary
radiation.
However, α-particles also interact via Rutherford scattering or via other nuclear reactions.
Despite this, the electronic interaction is the one used for the design of the detection systems.
Each time an α-particle has an encounter with an electron from the medium, depending on
how close it passes, the electron will be raised to a higher atomic orbit (excitation), or it
could be completely removed (ionisation). In each case the α-particle loses part of its energy,
decreasing its velocity.
On average charged particles lose 1/500 of the particle energy per nucleon [43], which is
transferred to an electron in a single collision or 4Em0/m, where m0 is the electron mass, E
and m are the kinetic energy and the mass of the α-particle respectively, meaning that many
interactions are required in order to completely stop it. The result of an encounter with the
medium will be an excited atom or the creation of electron-ion pairs. The latter is made
up of a free electron and its corresponding positive ion (hole) [43]. This interaction will be
described in detail in Section 3.2.3.
Another important characteristic to raise when discussing charged particles is the linear
stopping power S, a property which describes the penetrability of the particles through a
speciﬁc medium and is given by:
S = − dE
dX
=
4pie4z2
m0v2
NB (3.4)
This is also known as the Bethe-Bloch formula, where
B ≡ Z
[
ln
2m0v
2
I
− ln
(
1− v
2
c2
)
− v
2
c2
]
(3.5)
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in which −dE/dX is the rate of energy loss, v and ze are the velocity and charge of the primary
particle, N and Z are the number density and atomic number of the medium atoms, m0 is the
electron rest mass, e is the electronic charge and I is the ionisation potential of the medium.
For particles with v  c, only the ﬁrst term in B is signiﬁcant.
3.2.3 Double-Sided Silicon-Strip Detectors
Semiconductor detectors, as used here, are employed in a wide range of areas, from industry
to research, due to the high energy resolution attainable for charged particle measurements.
Generally, such detectors consist of a semiconductor crystal, such as silicon or germanium.
Silicon detectors have been used in the current study. Electron-hole (e-h) pairs are created
due to the passage of a charged particle losing energy in the crystal. This promotes electrons
to the conduction band leaving holes in the valence band. The electrons in the conduction
band are mobile and the electric ﬁeld moves them through the crystal at a speed determined
by its mobility which in turn depends on the temperature and the material. The vacancies or
holes in the valence band move in opposite directions. Because of this movement, a current
is created, proportional to the particle energy, and is directed to the electrodes. In order to
create an e-h pair, an average energy of 3.6 eV is required [13]. In the case of silicon, the
charged generated (signal) is small, ∼ 10−12 C. The silicon detectors used in this work are
shown in Fig. 3.4, which are double-sided silicon-strip detectors.
On the front of the detector, there are 16 vertical parallel silicon strips and another 16
orthogonal strips on the back, eﬀectively making 256 pixels and enabling the position of the
particle to be measured in addition to the energy. Section 4 describes their arrangement and
characteristics, relevant to the experimental set-up.
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Figure 3.4: Double-sided silicon-strip detector rear (left) and front (right) faces, from
Ref. [10].
3.3 Break-up Reactions
One type of nuclear reaction is the break-up reaction. Such a reaction was used for the study
of the present work in which an incident beam collides with a target nucleus, interacting
through inelastic scattering and losing some of its energy. In this collision the kinetic energy
of the beam is transferred into excitation energy of the target. If the energy is higher than the
energy of the α-decay threshold (3α-threshold = 7.27 MeV) for the break-up, then the excited
nucleus decays into diﬀerent products. The reaction utilized was 12C(4He,12C∗)4He for which
the beam and target were 4He and 12C respectively. The excited 12C nucleus subsequently
decayed into diﬀerent break-up products such as 8Be (which also can be produced in a series
of resonances) and α-particles. The break-up reactions have also the characteristic of having
an angular distribution for the products from which the spins of the excited states may be
determined. The kinematics of this reaction will be described below.
3.3.1 Reconstruction of the Reaction
Several conservation laws are relevant to nuclear reactions: the total energy of the system,
linear momentum, angular momentum etc. In this work, a beam of α-particles was accelerated
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and collided with a 12C target, transferring energy and leaving the target nucleus in an excited
state which decays predominantly into a 8Be nucleus and an α-particle. Subsequently, the
8Be nucleus decays into two α-particles. A way to represent such break-up reactions is
12C(α,12C∗ → 8Be+ α)α, (3.6)
and subsequently
8Be→ 2α, (3.7)
in which for left to right are the 12C target, the α-particle beam, the break-up products
(3 α-particles) and the scattered beam.
The complete reconstruction of the initial reaction requires the detection of at least three
of the four ﬁnal-state α-particles from the decay of 12C or the scattered beam. When a
particle hits a detector it deposits its kinetic energy, see Section 3.2.1. This information
is consequently used to determine its energy, direction and, hence, the linear momentum
components. The detectors are described in Section 3.2.3. Since the energy and the direction
were measured, the linear momentum of each particle can be calculated by Pα =
√
2mαEα,
in which mα and Eα are the mass and kinetic energy of the α-particle respectively. It is then
possible to decompose the momentum for each particle into its three cartesian components,
x, y and z, which allows the full reconstruction of the reaction. In Fig. 3.5 it is shown how
the in-plane θx and out-plane θy angles are calculated when a particle hits any position on
the detector. The other components are calculated as follows:
Pα(x) = Pα sin(θx) cos(θy) (3.8)
Pα(y) = Pα sin(θy) (3.9)
Pα(z) = Pα cos(θx) cos(θy), (3.10)
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Figure 3.5: Deﬁnition of the in-plane, θx, and out-plane, θy, angles. The beam line lies on
the z-axis. Adapted from Ref. [11].
and the reconstruction of the 12C∗ momentum is obtained using, from the three detected
α-particles, momentum conservation
P12C = Pα1 + Pα2 + Pα3, (3.11)
and hence
P12C∗ =
√√√√[ 3∑
i=1
Pαi(x)
]2
+
[
3∑
i=1
Pαi(y)
]2
+
[
3∑
i=1
Pαi(z)
]2
, (3.12)
where P12C∗ is the 12C∗ momentum and Pαi are the momenta components for the i
th α-particle.
Finally the 12C∗ excitation energy is obtained by
Eex =
3∑
i=1
Eαi −
P 212C
2m(12C)
+ Eth(12C), (3.13)
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in which Eex is the 12C∗ excitation energy, Eαi is the kinetic energy for the i
th α-particle,
m(12C) is the 12C mass and Eth(12C) is the 8Be + α threshold (7.367 MeV). A representation
of the reaction 12C(4He, 12C∗)4He for which results are presented is shown in Fig. 3.6.
Figure 3.6: The 12C(4He, 12C∗)4He break-up reaction. The beam is scattered, exciting the
12C nucleus which then decays into an α-particle and a 8Be nucleus. The latter subsequently
decays into two α-particles.
In order to reconstruct the recoil particle (scattered beam) the beam momentum is calculated
Pbeam =
√
2mαEbeam, (3.14)
where Pbeam is the beam momentum exclusively in the z-direction, Ebeam is the beam energy
and the total momentum of the scattered beam nucleus is:
Prec = Pbeam − Pα1 − Pα2 − Pα3. (3.15)
Taking the scalar product gives
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P 2rec =
[
3∑
i=1
Pαi(x)
]2
+
[
3∑
i=1
Pαi(y)
]2
+
[
3∑
i=1
Pαi(z) − Pbeam
]2
, (3.16)
thus:
Erec =
P 2rec
2mα
, (3.17)
where Erec is the energy of the recoil particle. Finally the total energy of the reaction is given
by:
Etot =
3∑
i=1
Eαi + Erec, (3.18)
which is used for further analysis in Section 5.1.2.
3.4 Angular Correlations
The angular correlation technique is a robust tool used in order to achieve the characteristics
of the nature of resonances, particularly in this work for those in 12C. Together, sequential
break-up reactions (see Section 3.3.1) and the angular correlation analysis were used. The
latter, a method in which the pattern of the products are analysed in order to measure the
spin of the recoil excited states from the reaction. This type of analysis has to be done
carefully in order to get deﬁnitive results. The angular coverage of the detection system
is one of the most important restrictions since the number of detected events depends on
its conﬁguration. As mentioned above, the break-up reaction measured in this work was
12C(4He,12C∗)4He. The three ﬁnal products of the reaction 8Be+α+α are correlated and it is
possible to parametrise them by means of spherical polar angles as shown in Fig. 3.7. Here θ∗
is the polar centre-of-mass scattering angle of the resonant 12C∗ particle, and Ψ is the polar
emission angle of the ﬁrst α-particle coming from the decay of the 12C∗ nucleus in the recoil
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particle centre-of-mass frame. Both angles are measured with respect to the beam axis. The
systematic dependence of the correlations on the resonant particle (which for the present
work is 12C) allows the determination of the transferred angular momentum [44].
In order to apply this method it is required that both the initial and ﬁnal particles have
zero spin. In such reactions only natural parity states (−1)J can be populated. This also
limits the range of reaction amplitudes and angular momenta which may contribute.
3.4.1 Calculating θ∗ and Ψ
Typically, correlation data are plotted as θ∗-Ψ histograms. In order to calculate θ∗ and Ψ
the following procedure was performed. The magnitude of θ∗ (see Fig. 3.7a), which is the
centre-of-mass angle of the recoiling 12C nucleus, can be obtained by means of:
θ∗ = tan−1
(
PCx
PCz(cm)
)
, (3.19)
where PCx and PCz(cm) are the 12C momentum components along the x-axis and z-axis
respectively, the latter in the projectile target centre-of mass frame. Here, the reaction
is assumed to occur in the x-z plane  the horizontal plane. This is a suﬃciently good
approximation for analysis of the current data, due to the placement of the detectors in this
plane. Improvements to this have been explored through rotations of the plane in which θ∗
and Ψ are calculated, though these are not needed to observe the correlations sought in the
present work. See Ref. [45]. The momentum components for the 12C nucleus are calculated
as follow
PCx = −Pα1(x) − Pα2(x) − Pα3(x) (3.20)
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Figure 3.7: The 12C(4He,12C∗)4He break-up reaction in which the 12C∗ nucleus decays into
an α-particle and a 8Be nucleus, in which the latter subsequently decays into two α-particles.
The angle θ∗ is the emission angle of the 12C nucleus and Ψ corresponds to the emission
angle of the ﬁrst α-particle in the 12C, both in the centre-of-mass frame. The angles are used
to calculate the momenta and velocity components along the x and z axes.
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and
Pαrec(z) = Pbeam − Pα1(z) − Pα2(z) − Pα3(z), (3.21)
And so,
PCz(cm) =
m(4He)Pbeam
m(4He) +m(12C)
− Pαrec(z), (3.22)
is the momentum in the z direction in the centre-of-mass frame. For the case of Ψ, as shown
in Fig. 3.7b), is given by:
Ψ = tan−1
(
Vrel(x)
Vrel(z)
)
, (3.23)
using Eqns. 3.8 and 3.10 it is possible to calculate the 8Be components along the x and z-axis
by means of:
P8Be(x) = Pα1(x) + Pα2(x) (3.24)
and
P8Be(z) = Pzα1 + Pzα2 (3.25)
thus:
Vrel(x) =
P8Be(x)
m(8Be)
− Pxα3
m(4He)
(3.26)
and
Vrel(z) =
P8Be(z)
m(8Be)
− Pzα3
m(4He)
, (3.27)
in which Vrel(x) and Vrel(z) are the relative velocity components in the x and z directions
respectively, between the nuclei of 8Be and the ﬁrst emitted α-particle coming from the 12C∗
nucleus.
Having calculated θ∗ and Ψ angles it is worth mentioning how they are related to the
spin, J, and the grazing angular momentum, lgr [46], by:
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∆Ψ = ∆θ∗
(
lgr − J
J
)
, (3.28)
from Ref. [44]. The grazing angular momentum is dependent on the nature of the beam and
the target and is calculated as:
lgr = r × p, (3.29)
for which when touching
r = r0(A
1
3
target + A
1
3
beam), (3.30)
and
p =
√
2µEbeam(CM) =
Atarget
Atarget + Abeam
√
2AbeamEbeam, (3.31)
where r is the impact parameter (the closest distance between the beam and the target
nuclei), p is the momentum in the reaction, r0 can take values between 1.1 to 1.5 fm, in
which the value used for this analysis was 1.2 fm, Atarget and Abeam are the target and beam
masses respectively, µ is the reduced mass and Ebeam the laboratory beam energy.
For an angle θ∗= 0, the 12C distribution pattern will follow
W (θ∗Ψ) ∝| PJ [cos(Ψ)] |2 . (3.32)
Here, PJ is the Legendre polynomial of order J , which is key to determining the spin of a
state. This is dependent on all initial and ﬁnal-state particles having spin J=0. The orbital
angular momentum vectors are perpendicular to the beam axis and hence the resonant 12C is
populated in the m=0, magnetic substate. On the other hand, when θ∗ 6= 0, a small variation
in Ψ, ∆Ψ is associated with a small variation in θ∗, ∆θ∗, via Eqn. 3.28, and so the pattern
will be dominated by:
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W (θ∗Ψ) ∝| PJ [cos(Ψ + ∆Ψ)] |2 . (3.33)
In the latter case, within the θ∗-Ψ plane, the formation of sloped features will appear with
a speciﬁc gradient ∆θ∗/∆Ψ, given by Eqn 3.28, the periodicity of which yields the spin of the
resonance under analysis [25,44].
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CHAPTER 4
SIMULATIONS AND EXPERIMENTAL SETUP
In the following sections a description of the Monte-Carlo simulations performed before
and after the experiment are presented. Additionally, the set-up of the experiment, including
the detector-array geometry, electronics, data acquisition system and analysis software are
described. Finally the detector calibration and the reaction and kinematics are mentioned.
4.1 Monte-Carlo Simulations  Resolution8
Monte-Carlo simulations were performed both before and after the experiment using a fortran
code which was written by members of the Charissa collaboration and modiﬁed according
to the characteristics of the reaction investigated in the present work [47]. The simulations
carried out before the experiment had the purpose of calculating the optimal detector-array
eﬃciency, i.e. the distances and angles at which each detector should be placed in order to
maximise the experimental coverage. In the Monte-Carlo simulations the break-up, scatter-
ing, resonant particles and break-up products are simulated i.e. the entire reaction. The
simulation code reads, from an input ﬁle, all the details regarding the reaction and also the
parameters describing the detection array.
These details consist of the beam energy, the masses and the charges of the target, reso-
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nant particle, recoil particle and products, the reaction Q-value and all the dimensions and
characteristics of each detector as the number of strips in which are divided, energy loss of
the beam and products through the target as well as energy and angular straggling. Some of
these parameters included in the input ﬁle are shown in Table 4.1. Additionally, the simula-
tions were re-run after the experiment with the actual detector position. This was to obtain
the acceptance in order to normalise the results of the angular correlation analysis. This
angular correlation analysis was explained in more detail in Section 3.4.
Reaction and Q-value 12C(4He,12C∗)4He, Q=0 MeV
First Break-up and Q-value 12C → 8Be(g.s.) + α, Q=−7.367 MeV
Second Break-up and Q-value 8Be(g.s.) → α + α, Q=0.092 MeV
Simulated excitation energy Ex=13.3 MeV
Beam energy Ebeam=40 MeV
Target thickness 100 µg/cm2
Target density 2.25 g/cm3
Beam energy spread from accelerator Ex=0.0004 MeV
In-plane beam divergence 0.1◦
Out-of-plane beam divergence 0.1◦
Table 4.1: Parameters used for the Monte-Carlo simulation in the Resolution8 code for the
12C(4He,12C∗)4He reaction.
4.2 Detector Array Conﬁguration and Eﬃciency
The detector array was composed of four double-sided silicon-strip detectors (DSSSDs), which
covered a polar angular range of θ = 20◦ to 75◦ and an azimuthal angular range ∆φ = 26◦,
as shown in Fig. 4.1. Each (DSSSD) consists of 16 horizontal strips on the front and 16
vertical strips on the back yielding eﬀectively 256 pixels, making the determination of both
the direction and energy of the detected particles possible. The active area for each of the
(DSSSDs) was 5×5 cm2 with a thickness of 500 µm [10]. The detector energy thresholds
were measured to be approximately 700 keV, and the typical energy resolution was 100 keV
Full Width at Half Maximum (FWHM). The centres of each detector together with the beam
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axis formed the x-z plane. Detectors 1−4 were placed 13, 11, 11 and 13 cm from the target
position at centre in-plane angles of 62.5◦, 32.5◦, −32.5◦ and −62.5◦ respectively, as shown in
Fig. 4.1. The positive angles lie on the left side with respect to the beam axis in the direction
of the beam. As can be recognised the positions of the detectors are slightly diﬀerent to those
calculated by the simulations (described in a previous section).
Figure 4.1: The detector array comprising four DSSSD detectors, the collimator, the anti-
scatter and the target.
The simulations mentioned above were performed with several diﬀerent detector positions
in order to determine the optimum detector array position, but with the rest of the parameters
ﬁxed. In Table 4.2 are shown the values of the detector array eﬃciency, it is possible to observe
that as the position of the detectors gets closer to the beam axis, the eﬃciency increases.
The ﬁrst and the last position are not realistic since the detectors can not overlap each other,
they are mentioned with the purpose of having values for the whole 360◦coverage.
Due to the overlapping of the detectors at angles close to the beam-line as well as the
position of the anti-scatter and collimator, it was not possible to place them at the most
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Detector Position Angle Coverage Eﬃciency Error
1 42.5◦-12.5◦ 13.84 0.33
2 52.5◦-22.5◦ 11.56 0.27
3 62.5◦-32.5◦ 9.76 0.23
4 92.5◦-62.5◦ 3.14 0.07
5 122.5◦-92.5◦ 1.18 0.30
6 152.5◦-122.5◦ 3.66 0.08
7 182.5◦-152.5◦ 5.95 0.13
Table 4.2: Eﬃciency values obtained from the Monte-Carlo simulations for the 13.3 MeV
resonance in 12C detected at diﬀerent angles (the angles correspond to the in-plane centres of
the detectors).
eﬃcient position, instead, the 62.5◦and 32.5◦angles were selected with an eﬃciency of almost
10% as shown in Fig. 4.2.
Figure 4.2: Eﬃciencies for diﬀerent detector conﬁgurations given in Table 4.2. The red dot
represents the value chosen for the set-up of the experiment with an almost 10% eﬃciency.
The centroids of the detectors were placed at 62.5◦and 32.2◦with respect to the beam axis, as
shown in Fig. 4.1.
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4.3 Chamber and Electronics Setup
The target and the detector array were sited within a vacuum chamber, at the centre of
which is located the target position; see Fig. 4.1. Before the experiment and simulations
were performed, the interior mechanics of the scattering chamber was re-designed. As the
angle of the detectors is critical for event reconstruction, a graduated steel disc with scored
angle divisions was custom made for this experiment. In the photograph Fig. 4.3 it is possible
to observe that the disc has concentric circles and radial lines, the former separated by 1 cm
each and the latter by 5◦. The rings start at 10 cm from the target position, which is the
minimum distance at which a detector base could be placed.
Figure 4.3: This photo shows the disc on which the detectors were ﬁxed using the aluminium
bases.
The disc was made of steel to permit the ﬂexible placement of the detectors, without
the necessity of ﬁxing screws. To facilitate this, two rare-earth neodymium magnets were
recessed and glued in to the bases of the aluminium mounting blocks, which are also shown
in Fig. 4.3. Hence, the detectors and mounts could be slid to the desired position. The bases
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were made of aluminium, in a simple L shape, to the top of which detectors could be ﬁxed
with screws. Vertically, the centre of the detector is at the same level as the beam.
Since the chamber is under vacuum, a feed-through ﬂange was required to pass the elec-
trical signals out and the detector bias in. A new ﬂange design was required and this was
made with two components, an adapter ring (made of aluminium) and a small DN100 stain-
less steel ﬂange including 8 large lemo connectors each of which is suﬃcient for 16 signals
(i.e. one detector face). The ﬂange is shown in Fig. 4.4, which is mounted on one side of
the chamber. It is possible to diﬀerentiate the two parts of the ﬂange assembly. The eight
vacuum tight lemo connectors carrying the signals and detector bias can be seen clearly in
the central plate. This twin-size ﬂange solution was chosen to be compatible with a large
range of laboratory scattering chambers that the group exploits.
Figure 4.4: Photo showing the ﬂange assembly mounted on the vacuum chamber.
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4.3.1 Data Acquisition System (DAQ)
The Data Acquisition System (DAQ) consisted of 128 channels of electronics, 32 for each
(DSSSD). When a particle is detected, i.e. when it is incident on a strip, an electric signal is
created. The signals are sent to Mesytec MPR-32 pre-ampliﬁer units for charge integration.
The outputs of the pre-ampliﬁer are packed in groups of 16 channels, and connected to CAEN
568B NIM modules where they are shaped and ampliﬁed. A diagram of the system is shown
in Fig. 4.5. The ampliﬁed signals are sent to Silena 9418 Analogue-to-Digital Converters
(ADCs). Additionally, the ampliﬁed signals from the front face of each detector are sent
to CAEN V895 VME discriminators. The resulting logic pulses were used to generate the
trigger and gate the ADCs. The data are read-out and buﬀered in 16 kB blocks by a Motorola
VME processor which subsequently sends the data via network to the acquisition software
MIDAS [48], that writes the blocks to disk. In addition, these events are made available via
memory to the on-line sorting and visualisation software, SUNSORT [49]. The master trigger
condition was set at multiplicity ≥ 3, meaning ≥ 3 hits on the combined front detector faces
of the 4 detectors.
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Figure 4.5: A schematic of the electronics set-up.
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4.4 Sorting and Analysing Software
4.4.1 SUNSORT
The events were sorted on an event-by-event basis using SUNSORT, the software used to
analyse the simulations and both, on-line and oﬀ-line experimental data. This software
allowed access to data from diﬀerent streams such as disk, tape or memory. It comprises a
user-written fortran code with speciﬁc instructions to calculate and analyse features of the
data through subroutines that the user can include, which permit a free manipulation of the
data. Energy and direction of the particles as well as the full kinematic reconstruction of
the reaction are some of the tasks the code can perform. Another task performed by this
software is the visualisation of 1- and 2-dimensional histograms for both, simulated and real
data, increasing the ﬂexibility and ease by which gates can be placed to select the events of
interest. The calibration of the detectors is also performed using the software. More detail
can be found in Refs. [50,51].
4.5 Energy Calibration
4.5.1 Alpha Calibration
The detectors were calibrated with a triple α-source with energies of 5.149 MeV, 5.479 MeV
and 5.795 MeV produced by the decay of 239Pu, 241Am and 244Cm respectively (FWHM≈0.15
MeV). The calibration is necessary in order to align all the detector/ADC channels to a
precise common energy scale. When a particle event is recorded the signals are associated
with particular ADC channels which in turn corresponds to known detector-strip numbers.
The calibration coeﬃcients are applied to each ADC channel to yield energy. An α calibrated
spectrum for the total 128 strips is shown in Fig. 4.6.
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Figure 4.6: Calibrated triple α-particle spectrum. It is possible to identify the three peaks,
a, b and c corresponding to α-particles coming from the decay of 239Pu, 241Am and 244Cm
respectively.
4.6 Reaction and Kinematics
In these measurements a 4He beam with an energy of 40 MeV was used to bombard a 100
µgcm−2 12C target in which the reaction of interest for this experiment was 12C(4He,3α)4He,
in which 3 of the 4 α-particle products were detected using an array of four 500 µm thick
double-sided silicon-strip detectors (DSSSDs) as shown above in Fig. 4.1. The detectors
were mounted on aluminum bases as Fig. 4.7 shows, held to the steel base plate by rare-
earth (neodymium) magnets. It is also possible to observe the beam collimator and anti-
scatter which deﬁnes the beam spot size and some shielding structures used in order to avoid
particles scattered from the collimator reaching the detectors. The entrance and the exit of
the collimator are made of lead with a diameter of 2 mm and 4 mm respectively.
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Figure 4.7: Detector array (left) and collimator system (right) inside the chamber.
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CHAPTER 5
ANALYSIS AND INTERPRETATION
In the following sections, results from the experiment are presented. Firstly, the analysis
procedure used to determine the beam energy, subsequently selection of the data, ﬁltering
and gating as well as the spectrum generating process to identify the populated resonances in
12C. Following this, the angular correlation technique applied to extract their spin is given.
Finally, a comparison between the Monte-Carlo simulations and the experimental data is
presented along with the results for the spin of the newly observed resonance at 22.4 MeV.
5.1 Data Analysis Procedure
5.1.1 Determination of the Beam Energy
During the experiment, the beam energy was not precisely known. Theoretical kinematic
lines for the recoiling beam particles were compared to the observed experimental lines in
order to determine the beam energy. The theoretical lines are shown in Fig. 5.1 corresponding
to those recoil α-particles (scattered beam) related to the decay of the diﬀerent excited states
in 12C populated during the reaction. From top to bottom, a) is related to the decay of 16O
which was also populated during the reaction, b) ground state, c) 4.438 MeV (2+), d) Hoyle
state at 7.653 MeV (0+), e) 9.641 MeV 3−, f) 10.844 MeV 1−, g) 14.083 MeV 4+, h) a possible
51
state that has not previously been observed and its description and characterisation are the
main aim of the present work and i) which is related to the 1H nucleus, produced during the
decay of 16O. This chapter describes only the analysis performed for those resonances related
with the 12C nucleus.
Figure 5.1: Calculated kinematic lines and experimental data. Red dotted lines a) and i)
correspond to α-particles coming from the decay of 16O and 1H respectively. Black dotted
lines b), c), d), e), f), g) and h) are the recoil α-particle lines corresponding to the 0.0, 4.43,
7.65, 9.64, 10.84, 14.08 and 22.4 MeV 12C states respectively.
In Fig. 5.1 it is possible to observe a mismatch between the high energy theoretical
kinematic lines and the experimental ones. The reason for this inconsistency could be caused
by the energy of the α-particles used to calibrate the detector system, for which, as mentioned
in Section 4.5.1, the energies of the α-particles were around 5 MeV. When extrapolating the
values of the low energy α-particles the match is almost perfect, but because of the low energy
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of the source, the more energetic the particles are, the worse the calibration becomes. To
correct this problem it would be better to have either an energetic α-source similar to the
energy of the beam, which is clearly not possible. The gain-matching process therefore looks
as though it was done correctly since it works well for all the individual detector strips which
end up with an almost identical energy response. The energies of the known 12C states can
be used to correct for any extrapolative eﬀect in the calibration gradient. See Fig. 5.8 and
associated text. The cyclotron operators did not have an accurate value of the beam energy,
but it was approximately 38.5 MeV. From the comparison of the theoretical and experimental
kinematic lines it is possible to observe that the elastic scattered beam (line b) corresponding
to the ground-state on Fig. 5.1) has an energy of 40 MeV (± 0.5 MeV); this energy value was
found by varying the kinematic curves until a good agreement was found. It was this value
for the beam energy that was subsequently used in the kinematic construction that follows.
5.1.2 Total Energy Spectrum
The spectrum of the sum of the three α-particle energies and the recoil α-particle is calculated
using Eqn. 3.18 and is shown in Fig. 5.2, in which the Q-value completes the beam energy
of Ebeam=40 MeV. Events within the peak are selected for the reconstruction of the 8Be
and used for the analysis below. This peak corresponds to the reaction Q-value for all four
ﬁnal-state α-particles which are in their ground state.
Gating on 8Be
With the information provided from the detectors, i.e. the energy and angle for each de-
tected α-particle and the reaction kinematics, it is possible to identify events and also to
reconstruct the momentum for each particle. Using the principle of momentum conservation
(Eqns. 3.16 and 3.17) the momentum and energy of the fourth, undetected particle, was cal-
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Figure 5.2: Total energy spectrum. The data within the peak between the red lines were
selected assuming they were proceeding form the 12C(4He, 3α)4He reaction.
culated. Following the calibration, the events within the desired energy range were recorded.
Both events registered in the front (vertical strips) and back (horizontal strips) of the detec-
tors were selected and the average between the two values of energy (front and back signal)
was calculated for each hit, as well as the angles at which the particles were emitted. It was
important to make an energy correction for the energy loss the particle suﬀers in its path
through the target. These calculations were included in the user-deﬁned code mentioned
above.
The ﬁrst step in the reconstruction was to calculate the Q-value of the reaction from the
diﬀerence between the ﬁnal and initial energies. By plotting this value it was possible to
select those events of interest as shown in Fig. 5.2. This peak clearly identiﬁes the reaction
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of interest, in which the Q-value for the reaction 12C(4He, 4He + 4He + 4He)4He is −7.275
MeV. The selection of the data was done by gating on those events close to the centroid of
the peak (≈32.1 MeV).
Following this event selection, additional event ﬁltering was implemented. Two of the
three detected α-particles can come from the decay of the 8Be ground-state and it is possible
to select only those events. The reconstructed 8Be spectrum is shown in Fig. 5.3, generated
by choosing two α-particles selected from the gating made on the peak of Fig. 5.2 for which all
combinations of the three detected α-particles were considered. This selection is implemented
in the analysis code in which a comparison between the α-particle energy deposited into
the front and rear strip of the detector has to be done in order to corroborate that both
detection signals come from the same α-particles of interest. Alpha-particles are detected
simultaneously and those coming from the decay of 8Be are likely to hit the same detector,
so, by identifying these events it is possible to calculate the sum of their relative energy. If
the relative energy is equal to the centroid of Fig. 5.3 (break-up threshold of 8Be), the event
is selected because it is assumed that it proceeds from such α-decay. At the same time a
third α-particle hits the detection system and its energy, along with the other two identiﬁed
α-particles is compared in order to know its origin and corroborate if was a product of the
12C∗ nucleus. The calculation of the relative energy of the 8Be was performed using:
P8Be = Pα1 + Pα2, (5.1)
P8Be · P8Be = P 28Be = (pα1(x) + pα2(x))2 + (pα1(y) + pα2(y))2 + (pα1(z) + pα2(z))2 (5.2)
and
E8Be =
P 2(8Be)
2m(8Be)
(5.3)
The events selected through this method were ﬁltered for further analysis. There are four
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diﬀerent scenarios in which the 4α ﬁnal state can be produced: the 3 detected α-particles
came from the decay of states in 12C; the 8Be and the unobserved α-particle were related
with the decay of the 12C; the 2 detected particles and the unobserved particle came from the
12C decay with only one of the detected particles originating from 8Be decay; or it was also
possible that 8Be+8Be reactions were observed where one of the 8Be nuclei was produced in
an excited state.
Figure 5.3: Peak associated with the decay from the 8Be ground state at 92 keV. Data between
the two red vertical lines were selected for further analysis.
Reconstruction of 12C Excitation Energies
The next step after selecting those events arising from the decay of 8Be in its ground state
was the reconstruction of the 12C excitation energies. Two scenarios were considered, ﬁrst, it
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was assumed that the three detected α-particles were coming from the decay of the 12C∗ and
second, that two of the three particles were the product of the decay of the 8Be in its ground
state and the third undetected α-particle was reconstructed by momentum conservation. A
representation for the two diﬀerent possible combinations of detected particles which were
used for further analysis is shown in Fig. 5.4.
Figure 5.4: Representation of the two diﬀerent event detections. a) Detection of two α-
particles coming from the decay of the 8Be nucleus (αa1 and α
a
2) and the scattered beam
(αarecoil), blue lines. b) Detection of three α-particles coming from the decay of the
12C excited
nucleus (αb1, α
b
2, α
b
3), red lines.
By plotting these two diﬀerent assumptions one versus the other, it was possible to gener-
ate the Dalitz-like plot shown in Fig. 5.5. This plot contains speciﬁc and valuable information
about the populated states. It is possible to observe features running parallel to the horizon-
tal and the vertical axes, as well as diagonal ridges (gradient equal to −1). Along both axes,
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the 12C resonances at 7.654 MeV 0+ (Hoyle state), 9.641 MeV 3−, 10.844 MeV 1−, 14.083
MeV 4+ and another resonance at 22.4 MeV can be clearly observed. The latter being the
principal subject of the present work and will be discussed and characterised further. The
diagonal ridges are those events which correspond from right to left to intermediate states in
8Be: the ground state, 2+ and 4+ states. A gap is visible in the Dalitz-like plot on the top
left area which is related with the angular coverage of the detector array; there is a big gap
between the two detectors closest to the beam-line and a smaller gap between the detectors
at bigger angles. The existence of these gaps implies that those areas are not sensitive to
detecting the products of the reaction.
Figure 5.5: Dalitz-like plot for the 12C(4He, 4He + 4He + 4He)4He reaction performed at a
beam energy of 40 MeV. On the horizontal axis, the 12C excitation energy is reconstructed
from the three detected α-particles. On the vertical axis the 12C excitation energy is recon-
structed from two detected α-particles and the undetected particle.
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In order to have a clear view of 12C from the Dalitz-like plot of Fig. 5.5, projections onto
the horizontal and vertical axes are shown in Figs. 5.6 and 5.7 respectively. As mentioned
above, diﬀerent excited states in 12C are present in the two spectra. Fig. 5.6 clearly has a
peak at an energy of 22.4 MeV, which is observed here for the ﬁrst time.
The spectrum in Fig. 5.6 shows the resonances populated during the 12C(4He, 4He + 4He
+ 4He)4He reaction. It is possible to observe, from left to right, the Hoyle state at 7.654
MeV, 9.641 MeV 3−, 10.844 MeV 1− and 14.083 4+ MeV excited states in 12C. Similarly,
from the spectrum shown in Fig. 5.7 it is possible to observe those states populated, from
left to right, the Hoyle state at 7.654 MeV, 9.641 MeV 3−, 10.844 MeV 1− and 14.083 4+ MeV
excited states in 12C. Note that in reconstructing 12C from three α-particles, the detector
energy resolution appears three times, making the resolution of Fig. 5.6 worse than that of
Fig. 5.7. The detector acceptance is also diﬀerent in each case.
In order to get a more accurate value for the energy of the newly observed resonance the
centroid of the peaks were calculated and a linear regression was applied to the well-known
resonances. The ﬁtted values are shown in Fig. 5.8, in which the energy value of the newly
observed state lies at 22.4(0.2) MeV.
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Figure 5.6: Projection of the Dalitz plot of Fig. 5.5 onto the horizontal axis resulting in a
spectrum of 12C resonances, reconstructed assuming that the three detected α-particles came
from the decay of 12C. Both top and bottom panels show the same data, but the vertical scale
of the top panel is logarithmic.
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Figure 5.7: Projection of the Dalitz plot of Fig. 5.5 onto the vertical axis resulting in a
spectrum of 12C resonances, reconstructed from two detected α-particles (coming from the
decay of 8Be in its ground-state) and the undetected particle. The bump between 16-19 MeV
is related to events coming from the decay of 8Be resonances.
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Figure 5.8: Linear regression applied to the known excitation energies. The ﬁt has been done
only to the lowest four resonances and therefore is extrapolated in order to show the energy
of the newly observed state.
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5.2 Angular Correlation Analysis
5.2.1 Well Known Resonances in Carbon-12
As mentioned in Section 3.4, angular correlations are a powerful tool in order to obtain a
description of the new state by studying the distribution pattern of the α-particles in the de-
cay [25]. This procedure was ﬁrst applied to the well-known resonances, 9.641 MeV 3−, 10.844
MeV 1− and 14.083 MeV 4+, with the purpose of verifying the analysis technique. Since the
initial and ﬁnal products are spin zero, any grazing angular momentum, lgr, and the gradient
of the ridges for a particular excited state populated with the 12C(4He, 4He + 4He + 4He)4He
reaction can be calculated. As some of the resonances populated in the reaction are well
known in terms of their spin (7.654 MeV, 9.641 MeV, 10.844 MeV and 14.083 MeV), a pro-
cess can be undertaken to conﬁrm the robustness of the angular correlation method. With
this in mind, the gradient ∆θ∗/∆Ψ required for angular correlations analysis has to be calcu-
lated for diﬀerent values of spin J= 1, 3, 4, 5 and 6 and this procedure is explained in the
following section.
Grazing Angular Momentum Calculation
In order to calculate the grazing angular momentum for a speciﬁc resonance it is ﬁrst neces-
sary to calculate the total angular momentum, lgr, for a speciﬁc spin J value. This procedure
is performed using a code written in fortran in which Eqns. 3.29 to 3.31 are used [52]. The
calculations are also performed for diﬀerent r0 values and so, the results yield diﬀerent values
for lgr. These results are shown in Table 5.1.
As can be seen from Table 5.1, the lgr and the ridge angle values are diﬀerent for each r0.
This ambiguity can be resolved from the analysis of the two dimensional angular correlation
plots, generated by plotting θ∗ vs. Ψ for each resonance. For this, it is important to use only
events related to a speciﬁc excitation energy. It is here where the Dalitz-like plot of Fig. 5.5
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r0 (fm) lgr (~) ∆θ
∗
∆ψ
, J=1 ∆θ
∗
∆ψ
, J=3 ∆θ
∗
∆ψ
, J=4 ∆θ
∗
∆ψ
, J=5 ∆θ
∗
∆ψ
, J=6
1.1 9.0 7.1
◦
28.8
◦
46.2
◦
72.3
◦
116.1
◦
1.2 9.8 6.5
◦
25.3
◦
39.7
◦
60.0
◦
91.1
◦
1.3 10.6 5.9
◦
22.6
◦
34.7
◦
51.2
◦
74.8
◦
1.4 11.4 5.5
◦
20.4
◦
30.9
◦
44.7
◦
63.6
◦
1.5 12.2 5.1
◦
18.6
◦
27.8
◦
39.6
◦
55.2
◦
Table 5.1: Calculation of the grazing angular momentum, lgr, and the ridge angles for diﬀerent
values of r0 and J . In red colour are the theoretical values which best matched the ridge angles
observed in the 2-d correlation plots for the well-known resonances. See text and Table 5.2
for details.
plays its main role and it is used for placing windows around a speciﬁc 2-d excitation energy
region, as shown in Fig. 5.9. Once the events have been selected, the calculation of θ∗ and Ψ
can be performed using Eqns. 3.19 and 3.23 and ﬁnally the gradient ∆θ∗/∆Ψ can be obtained.
For the case of the Hoyle state, which has a spin of zero, the gradient of the ridges should be
zero as is shown in Fig. 5.10.
Figure 5.9: Vertical and horizontal boxes (black colour) for the area selection for the angular
correlation analysis for the 13.3 and 22.4 MeV respectively.
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Figure 5.10: Angular correlations for the Hoyle state. θ∗ vs. Ψ angles.
This resulting 2-d angular correlation plot is generated by placing a window in the Dalitz-
like plot around the Hoyle state. As well as for the Hoyle state, the data selection for the 3−,
1− and 4+ states was performed and the corresponding windows are shown in Fig. 5.11 for
which the resulting angular correlation plots are shown in Figs. 5.12, 5.13 and 5.14 respec-
tively. There, the dashed red boxes represent the windows used to select the speciﬁc area
of interest. From these plots it is possible to observe the presence of ridges with a speciﬁc
gradient for each state, as expected.
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Figure 5.11: Gates used to select speciﬁc areas. With this selection process it is possible to
avoid those events which can inﬂuence as background as those close to the diagonal (gradi-
ent −1) corresponding to diﬀerent excitations of 8Be.
Searching for the Projection Gradient
As mentioned earlier, from Eqn. 3.33 there is a relation between the Legendre polynomials,
grazing angular momentum, the gradient of the ridges and the spin values of the states. For
the present analysis, the projection of the angular correlation plots onto the horizontal Ψ-axis
at an angle ∆θ∗/∆Ψ is required, as mentioned above, given by Eqn. 3.28. The projection is
then compared with the periodicity of the Legendre polynomials of diﬀerent order, for which
the best match will establish the spin of the state. In the ﬁrst instance, the projections
for a range of angles (see Table 5.1) were made and compared to the Legendre polynomial
corresponding to the known spin. In Table 5.2 the value of the angles at which the periodicity
of the projections match with the polynomials are shown. Comparing these values with those
given in Table 5.1, it is possible to observe that the values in red represent the closest ﬁt to
the polynomial periodicity, yielding a grazing angular momentum lgr = 9.8~, (r0=1.2 fm).
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Figure 5.12: Angular correlations for the 9.641 MeV resonance in 12C. θ∗ vs. Ψ angles. Red
dashed boxes were use to select the area of interest.
∆θ∗
∆ψ
(◦) lgr (~) ∆θ
∗
∆ψ
(◦) lgr (~)
J=1 6.6 9.6 J=3 22.4 10.6
7.8 8.3 25.0 9.8
14.7 4.9
J=4 28.4 12.0 J=5 45.3 11.32
37.7 10.0 60.0 9.7
45.8 9.0
Table 5.2: Grazing angular momentum values calculated from the angles selected because of
a close match with the Legendre polynomial periodicity.
The projection of the angular correlations for the values bracketing the value chosen from
Table 5.2 are shown in Figs. 5.15, 5.16 and 5.17.
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Figure 5.13: Angular correlations for the 10.844 MeV resonance in 12C. θ∗ vs. Ψ angles.
Red dashed boxes were use to select the area of interest.
Extracting the spins J of the Well Known Resonances
As a ﬁnal check on the consistency of the lgr = 9.8~ value, Table 5.3 combines the experi-
mentally detected ridge gradients with thus chosen, lgr = 9.8~, and lists the corresponding
spins, J, for each of the four states [53].
∆θ∗
∆ψ
(◦) J ∆θ
∗
∆ψ
(◦) J
E=10.84 MeV, J=1 6.6 1.0 E=9.64 MeV, J=3 22.4 2.74
7.8 1.2 25.0 2.97
14.7 2.00
E=14.08 MeV, J=4 28.4 3.2 J=5 45.3 4.32
37.7 3.9 60.0 5.11
45.8 4.3
Table 5.3: Spin values, J , calculated from the projection angles made by hand.
The last step is to compare the projection onto the Ψ axis of the angular correlations
for the 9.641 MeV 3−, 10.844 and 14.083 MeV 4+ states with the Legendre polynomials
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Figure 5.14: Angular correlations for the 14.083 MeV resonance in 12C. θ∗ vs. Ψ angles.
Red dashed boxes were use to select the area of interest.
Figure 5.15: Projection of the angular correlation data for the 9.641 MeV resonance onto
the Ψ axis at angle of 22.6◦(left) and 28.8◦(right) compared with a Legendre polynomial of
order J=3 for comparison (blue dashed line).
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Figure 5.16: Projection of the angular correlation data for the 10.844 MeV resonance onto
the Ψ axis at angle of 5.9◦(left) and 7.1◦(right) compared with a Legendre polynomial of order
J=1 for comparison (blue dashed line).
Figure 5.17: Projection of the angular correlation data for the 14.083 MeV resonance onto
the Ψ axis at angle of 34.7◦(left) and 46.2◦(right) compared with a Legendre polynomial of
order J=4 for comparison (blue dashed line).
70
| P3[cos(Ψ)] |2, | P1[cos(Ψ)] |2 and | P4[cos(Ψ)] |2 respectively as shown in Figs. 5.18, 5.19
and 5.20. In conclusion, the correct projection angle values ∆θ∗/∆Ψ corresponding to r0 = 1.2
and a grazing angular momentum, lgr = 9.8~ should be 25.3◦, 6.5◦and 39.7◦for the 3−, 1−
and 4+ states respectively. Figs. 5.18, 5.19 and 5.20 clearly show how the oscillations of the
9.641, 10.844 and 14.083 MeV resonances and the Legendre polynomials are in phase, with
very good agreement conﬁrming the established spins of the states (J=3, 1, 4), proving the
eﬀectiveness of the angular correlations. Since the purpose of these plots is only to show the
periodicity of the oscillations, the data of these ﬁgures have not been normalised to account
for the variation in acceptance or detection eﬃciency.
Figure 5.18: Projection of the angular correlation data for the 9.641 MeV resonance onto
the Ψ axis at angle of 25◦(black line). The Legendre polynomials of order J=2, J=3 and J=4
are plotted for comparison (magenta, red and blue dashed lines respectively).
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Figure 5.19: Projection of the angular correlation data for the 10.844 MeV resonance onto
the Ψ axis at angle of 6.6◦(black line). The Legendre polynomials of order J=1, J=2 and
J=3 are plotted for comparison (red, magenta and blue dashed lines respectively).
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Figure 5.20: Projection of the angular correlation data for the 14.083 MeV resonance onto
the Ψ axis at angle of 37.7◦(black line). The Legendre polynomials of order J=3, J=4 and
J=5 are plotted for comparison (magenta, red and blue dashed lines respectively).
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5.3 Simulations  Data Normalisation
As mentioned in Section 4.1 this procedure was performed with the aim of correcting the
experimental data for detector acceptance and also to conﬁrm that the experimental data
and their analysis is consistent with the simulations. The aim was to be conﬁdent with both,
the procedure and results. Figs. 5.21, 5.22, 5.23, 5.25 and 5.27 show the comparison between
the angular correlation plane governed by θ∗ and Ψ for both the experimental data and the
simulated data for the well known resonances in 12C as well as for the 13.3 and 22.4 MeV
excited states. The ﬁgures show a good agreement with the experimental data, though the
statistics for the real data are lower than for the simulations, the latter having a wider area
due to the uniform distribution selected for the simulations.
Figure 5.21: Comparison between the angular correlations for the simulated data (left) and
the experimental data (right) for the 12C 7.654 MeV excited state. θ∗ vs. Ψ angles.
The simulations were performed using the Resolution8 program described in Section 4.4.1.
Using the Dalitz-like plot and the simulated data, the same windows as shown in Fig. 5.9 were
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Figure 5.22: Comparison between the angular correlations for the simulated data (left) and
the experimental data (right) for the 12C 9.641 MeV excited state. θ∗ vs. Ψ angles.
Figure 5.23: Comparison between the angular correlations for the simulated data (left) and
the experimental data (right) for the 12C 10.844 MeV excited state. θ∗ vs. Ψ angles.
used to select the areas of interest for both the simulations and the real data. The comparison
shows a consistency between the areas from the simulated data and the experimental data,
giving conﬁdence in the angular correlation procedure applied for both, the well known
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Figure 5.24: Comparison between the angular correlations for the simulated data (left) and
the experimental data (right) for the previously observed 12C 14.083 MeV excited state. θ∗
vs. Ψ angles.
resonances and the previously observed 13.3 MeV excitation as well as for the newly observed
level at 22.4 MeV.
5.3.1 The 13.3 MeV Resonance in Carbon-12
As outlined in Section 1.2.2, evidence for the 13.3 MeV resonance in 12C has been obtained
from several measurements [26, 54], along with tentative evidence for its spin. In order to
extract its characteristic spin using the angular correlation method, events at this resonance
energy were analysed. As for the well established resonances, the data corresponding to the
13.3 MeV resonance were selected from the Dalitz plot of Fig. 5.5, and the associated angular
correlations are shown in Fig. 5.25. These are projected onto the Ψ axis in order to compare
the data with the Legendre polynomial, for which order 4 was used, as shown in Fig. 5.26.
76
Figure 5.25: Comparison between the angular correlations for the simulated data (left) and
the experimental data (right) for the 12C 13.3 MeV excited state. θ∗ vs. Ψ angles.
Figure 5.26: On the left, the projection at angle of 39.7◦of the angular correlation data for
the 13.3 MeV (black line) resonance onto the Ψ axis before normalisation. The Legendre
polynomials of order J=3, J=4 and J=5 are plotted for comparison (magenta, red and blue
dashed lines respectively). On the right, the projection after normalisation and comparison
with the Legendre polynomial of order J=4.
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5.3.2 The Newly Observed 22.4 MeV Resonances in Carbon-12
The same procedure was applied to the newly observed state at 22.4 MeV. The angular
correlations for this state are shown in Fig. 5.27. The comparison of the angular correlation
projection data with the Legendre polynomials of order 3 (red colour) and 5 (blue colour)
is shown in Fig. 5.28. On Fig. 5.29 the comparison is with Legandre polynomials of order
order J=4, 5 and 6 (red, blue and magenta respectively). From the measured α-spectrum
and their angular correlations it is possible to conclude that the spin of the newly observed
excited state at 22.4 MeV is most likely of a resonance with J = 5.
Figure 5.27: Comparison between the angular correlations for the simulated data (left) and
the experimental data (right) for the newly observed 12C 22.4 MeV excited state. θ∗ vs. Ψ
angles.
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Figure 5.28: Projection of the angular correlation data for the 22.4 MeV resonance onto the
Ψ axis at angle of 60.0◦(black line). The Legendre polynomials of order J=3 and 5 are plotted
for comparison (red and blue respectively). from Ref. [12].
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Figure 5.29: Projection of the angular correlation data for the 22.4 MeV resonance onto the
Ψ axis at angle of 60.0◦(black line). The Legendre polynomials of order J=4, 5 and 6 are
plotted for comparison (red, blue and magenta respectively).
80
5.4 Theoretical Interpretation
In the alpha cluster model (ACM) approach for a 12C nucleus, three α-particles are located
at the vertices of an equilateral triangle [42,55]. According with this model, using Eqn. 2.11
it is possible to generate an spectrum which is shown in Fig. 5.30, where it is possible to
observe three diﬀerent bands, with speciﬁc angular momenta and parity values. The ﬁrst
and the second are the ground-state rotational band and the Hoyle-band, comprised by
resonances with angular momenta and parity values Jpi=0+, 2+ and 4+ for the case in which
the projection of J onto the symmetry axis is K=0; Jpi=3−, 4− and 5− (the last one previously
unobserved) for K=3. The parity doublet gives a strong signature of a Jpi=4± doublet, also
present in the two bands. The third band, the bending vibration, has a sequence predicted
to be Jpi=1−, 2−, 3−, 4− for K=1, Jpi=2+, 3+, 4+ for K=2 and Jpi=4+ for K=4. See [55] and
Section 2.1.7 for a detailed explanation.
Figure 5.30: Comparison between the spectrum generated for three clusters at the vertices of
an equilateral triangle with D3h symmetry using Eqn. 2.11.
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In agreement with the present model, the experimental sequences are the ﬁngerprint of a
conﬁguration in which three particles are situated at the vertices of an equilateral triangle,
with a D3h symmetry, which belongs to the Dihedral group symmetry Dnh; the symmetry
group of a regular polygon with n sides (when n>2) and with 2n elements, i.e. n rotations
and n reﬂections [56]. The ﬁrst resonance of the Hoyle-band (Hoyle-state) is understood as
the band head of a stretching vibration or breathing mode of the triangular conﬁguration
which shares the same geometrical array and structure as the ground state rotational band.
The Hoyle state moment of inertia is predicted to have twice the magnitude of the ground
state band [12]. And the third band, the bending band, with a band head at 10.84 MeV 1−.
In Fig. 5.31 it is possible to observe the ground and Hoyle rotational bands as well as the
bending vibration band in 12C. The ground state band consists of the 0+, 2+, 3−, 4±, and
the newly observed 5− resonances, following a J(J+1) trajectory. The Hoyle-band comprises
the recently identiﬁed 2+ and 4+ resonances; the sequence corresponds to a larger moment of
inertia (shallower gradient) than the ground state. The bending vibration-band has assigned
resonances with a moment of inertia with almost the same magnitude as the Hoyle-band [12].
In summary, through the ACM it is possible to describe the rotational and vibrational
structure of many-body systems such as molecular, nuclear and hadronic physics, not just as
rigid structures, but also as liquid-like structures. The model has also been used to describe
the low-lying states in 16O as four α-particles located at the vertices of a tetrahedral rotating
and vibrating as an object with Td symmetry [57]. In particular, for the present work, the
results this model has produced in terms of the study of the 12C nucleus are very important;
the prediction of a resonance in 12C at 22.4 MeV which was not previously observed and
which was populated during the performance of the experiment as reported in the present
work.
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Figure 5.31: Ground state rotational band structure (blue colour), Hoyle-band structure (red
colour) and Bending band (black colour), from Ref. [12].
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
6.1 Conclusions
The measurement of the 12C(4He,4He+4He+4He)4He reaction has been performed using four
DSSSDs in a detector array with which three of the four ﬁnal products of the reaction
were detected and subsequently used to reconstruct the populated resonances in 12C. Such
excited states were well known e.g. as the Hoyle-state. The characterisation of the 13.3
MeV resonance was made, with the most probable spin and parity value being Jpi = 4+.
Moreover, a resonance at 22.4 MeV was also populated, observed for the ﬁrst time and an
angular correlation analysis was performed in order to conﬁrm its spin and parity, which was
found to be Jpi = 5−. Furthermore, this newly observed resonance is evidence for triangular
D3h symmetry in the arrangement of the three α-particles in the ground state of 12C. This is
the ﬁrst time such a symmetry has been established in nuclear physics [12], having previously
been observed in molecular physics [41].
According to the algebraic cluster model, the 0+ Hoyle state in 12C is interpreted as the
band head of a symmetric stretching vibration or breathing mode of a triangular conﬁgu-
ration, with a similar geometrical arrangement and rotational structure to the ground state
rotational band in which three α-particles are situated at the corners of a triangle, but with
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a predicted moment of inertia larger than the ground state band.
The interpretation of this model, for the ground-state rotational band of 12C suggests
that it comprises both positive and negative parity states for K=0, Jpi=0+, 2+, 4+ and for
K=3, Jpi=3−, 4− and 5−, respectively. The K=0 and K=3 bands, usually considered as
diﬀerent bands, coalesce to form a unique ground state rotational structure and by merging
them together leads to the predicted Jpi=4± degenerate parity doublet which is also a strong
signature of the D3h symmetry. The 1− state at 10.84 MeV is assigned as the bandhead of
the vibrational bending mode whose lowest-lying rotational excitations consist of degenerate
parity doublets of 2± 3± states, for which so far only the 2− has been identiﬁed.
Whereas the observed moment of inertia of the Hoyle-band excludes the proposed linear
chain structure of the Hoyle state, there are other two geometrical alternatives of either
equilateral triangular arrangement or a bent arm structure are considered for the arrangement
of the three alpha particles in the Hoyle state, the latter can be resolved by the future
measurements proposed below.
The Birmingham group carried out a second experiment at the University of Birmingham
MC40 cyclotron in which the 12C(3He,3He)3α reaction at 40 MeV was used to populate
the high excitation energy region in 12C. Evidence was found of the existence of a series of
states at 16.3(0.2), 17.2(0.2), 18.4(0.2), 19.7(0.2), 22.2(0.3) and 25.1(0.3) MeV, for which the
22.2(0.3) MeV excitation supports the observation of the 22.4 MeV resonance presented in
this work [58], which has been important within both the algebraic cluster model description,
giving strong support to its predictions. Apart from those predictions, the algebraic cluster
model predicts several additional states, which require accurate data as measured for the
second 2+ Hoyle-state.
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6.2 Future Work
Over the past years there has been a solid contribution both from the experimental and
theoretical ﬁeld to understand the physics of light nuclei in which the presence of α-cluster
structures has been demonstrated. A clear example is the 12C nucleus, for which special at-
tention has been focused on one of its resonances, namely the Hoyle-state. The results of the
present thesis included the measurement of a newly observed resonance and its characterisa-
tion, linked with the ground-state rotational band of 12C. Despite this, it is evident that there
is still a lot work to be done in order to fully and unambiguously characterise the structure
of the Hoyle-state moving towards a full description of the 12C nucleus. For the case of the
rotational band associated with the Hoyle-state, the measurement of the existence of a 2+
resonance has been established, though its connection to the Hoyle-state is vague including
its electromagnetic properties and α-decay partial widths [28,59].
Even though there is signiﬁcant evidence pointing to the existence of a broad 4+ resonance
at 13.3 MeV, additional work is required in order to corroborate its existence and charac-
ter unequivocally. In the near future new measurements involving high statistics, precision
measurements of the relatively weak electromagnetic transitions are needed [60] as well as ex-
periments involving the selectivity of γ-ray beams as well as electron beams would aloud the
population of the states of interest and resolve the broad interfering states mentioned above.
Another example is a detailed measurement of the α-decay correlations following proton and
α-inelastic scattering measurements using the high energy resolution spectrometers, as was
demonstrated previously for 12C excited states in the 16-24 MeV range in a proton scattering
experiment with a 156 MeV proton beam [61]. The purpose of such measurements is to ad-
dress, in more detail, the properties of high spin resonances mentioned in references [12,58],
which are suggested to be higher-spin (5, 6) members of the more deformed structures linked
with the Hoyle-state, ground-state or other 12C structures. The latter, with the aim to un-
derstand the structure of 12C at higher energies, in particular to pin down the T=1 and T=2
86
states, but also the search for higher spin members of the ground-state and the 3- bands.
As well, a key step for the clearly identiﬁcation of the Hoyle-band conﬁguration will be the
identiﬁcation of the negative parity states 3− and 4− through electron scattering experiments.
Carbon-12 is an interesting system and though our knowledge has improved signiﬁcantly in
recent years, there remains much work to be done. These experiments promises to shed
new light on the clustering phenomena in light nuclei, in particular in 12C nucleus, which its
structure has been unknown for 60 years.
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